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This thesis presents a general approach in the design of magnetic absorber 
through the calculations of magnetic permeability and electric permittivity.  The 
emphasis of this thesis is to calculate and design the intrinsic and extrinsic 
materials property of particle composite materials. The intrinsic materials 
property of particle composite materials refers to its effective permeability or 
permittivity, while the extrinsic materials property of composite materials refers 
its power reflection coefficient.  
The first step of the design of magnetic absorber is to select good magnetic 
filler(s) for the magnetic absorber. The intrinsic permeability of several 
magnetic metallic materials is investigated using a model developed from the 
Landau-Lifshitz-Gilbert (LL-G) equation. In this study, we are able to answer 
why Fe is used to make the magnetic RAM from L to X band (1-12 GHz). The 
effect of saturation magnetisation, anisotropy field, damping coefficient, particle 
size and conductivity are studied. The importance of the spatial orientation of 
the magnetic domain on its intrinsic permeability is demonstrated.  
The second step is to compute the effective permeability and permittivity of the 
composite containing the magnetic fillers. This is to check if our results 
obtained in first step matches well with microwave measurements, and 
therefore to validate the models used. 
vii 
 
The calculation of materials property of particle composite in the second step is 
meant for design purpose as some of the composite processing parameters 
could be unidentified in practice. Thus, there will be some discrepancies in the 
calculated and measured permeability and permittivity. Consequently, the 
measured permeability and permittivity are used to design the microwave 
absorber. The third step is to develop a model to extrapolate or interpolate the 
measured permeability or permittivity for other volume fractions, and this 
makes establishing a huge database of permeability and permittivity for 
different volume fraction unnecessary. 
The last step is to design the microwave absorber using the Dallenbach or the 
Salisbury Screens.  
At the end of the thesis, a new approach to calculate the effective permeability 
of carbonyl iron and magnetite composite and in general, magnetic material 
composite has been developed. The approach uses Landau-Lifshitz 
ferromagnetic resonance (LL FMR) equation to derive an analytical formula. 
With the understanding of LL FMR equation, an algorithm to extract the 
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C h a p t e r  1  
INTRODUCTION 
1.1 Background 
In recent years, as the rapid development of information technology gives rise 
to unprecedented growth in the development and deployment of high-
frequency electronic systems, such as mobile phones, local area network, and 
automatic control systems, serious electromagnetic interference (EMI) 
problems have become apparent. Electromagnetic interference is a 
disturbance that affects an electrical circuit due to either electromagnetic 
conduction or electromagnetic radiation emitted from an external source, which 
can be detrimental in the military field and in our daily life. Today's modern 
warship has a wide variety of electronic systems on board. Navigational and 
target-acquisition radar, countermeasure systems and a wide variety of 
communication equipment are all mounted on a large metallic superstructure. 
The need for such complex electronic systems on board has created two major 
problems: false images from self-reflections and system-to-system 
interference. False images, or "ghosts", are indirect radar returns resulting from 
specular reflections of radar energy from its own superstructures. False echoes 
cause navigation hazards and, if severe enough, can make radar navigation 
impossible. On the other hand, false returns to target acquisition and fire 
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control systems can cause the system to "lock on" to the false or wrong 
images. These problems can be eliminated through the use of tuned-frequency 
(resonant-type) elastomeric absorbers. It is also common to bond this resonant 
type of absorber to masts, stacks, yardarms and other reflecting structures. By 
proper placing of the absorbers, false echoes can be reduced significantly. The 
lack of space available on modern warships causes electronic systems to be 
placed in close proximity. It is not unusual that a signal or harmonics from one 
system will be received by or interferes with an adjacent system. This problem 
has become especially acute with the powerful broadband jamming equipment 
commonly being deployed. However, this problem can be alleviated by 
constructing absorber barriers. Depending on the systems involved, single-
frequency, dual-frequency or broadband absorbers could be used. Ever since 
stealth aircrafts were developed in the World War II, microwave absorbing 
materials have aroused the intense interest of researchers because they can 
reduce the radar cross section (RCS) efficiently [1.1-1.2] 
In our daily life, broadcast transmitters, two-way radio transmitters, paging 
transmitters, cable TV and integrated circuits are potential sources of EMI. The 
EM fields of various wire and electrical equipment are constantly interfering 
with each other. A typical EMI problem is double images, or “ghosting” images, 
appearing on televisions or computers. At the airports, EMI problem can even 
ground an aircraft; in the hospitals, the interference from the handphones can 
cause malfunction in the electronic medical devices. Therefore, there is a need 
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to have a material to reduce EMI. Also, the EM radiation from the electronic 
equipments, such as microwave ovens, handphones, computers, the 
communication tower, and so on, are potentially harmful for the health of 
humans.  To overcome these problems, microwave absorbing materials with 
the capability of absorbing unwanted EM energy are becoming more and more 
needed.  
There are two commonly used methods to reduce the RCS of a target. One is 
by target shaping to scatter away most of the incident electromagnetic (EM) 
wave from the return path, thus reducing the wave detected by receiver radar. 
Another way is to reduce the RCS by using radar absorbing materials (RAMs) 
to cover the surface or using radar absorbing structures (RASs) to construct 
the components of the target [1.3]. This effort of reducing the radar cross 
section of a target increases the probability of mission success and the survival 
of a target in the battlefield. There are many good RAMs developed since 
World War II. However, there is still a lot of on-going research to enhance its 
microwave absorption property. 
Many engineering requirements demand a total elimination or reduction of EM 
wave reflection or scattering. Commercial and military applications require high 
performance absorbing materials with lightweight and high strength over a 
broad frequency band. The design of the absorbing materials involves 
identifying the suitable materials, and specifying their dimensions and 
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composition [1.1]. Multi-layer structures, which introduce layers of resistive and 
dielectric sheets, are often employed for broadband electromagnetic 
absorbers. The two most famous absorbing screens are the Dallenbach and 
the Salisbury Screens. The Dallenbach screen is a short circuited lossy 
dielectric or magnetic layer. The Salisbury screen consists of a thin resistive 
sheet deposited on a metal-backed dielectric layer.  
Both of these materials have disadvantages when they are applied as 
absorbers, such as agglomeration of carbon nanomaterials in the matrix that 
will reduce the microwave absorption performance, with low percolation 
threshold, and poor antioxidation properties at elevated temperature for 
metallic magnetic powders, all of which would limit their usage as RAMs at 
microwave frequencies. A lot of efforts have been done to solve the above 
problems. Among these, core-shell structured materials have stimulated great 
interest because of their unique properties arising from the coating layer and 
interior ingredient. Core-shell structured materials, such as Ni-Zn ferrite coated 
Ag [1.4], α-Fe- and Al2O3-Fe-coated cenospheres [1.5], Al2O3-coated FeCo 
nanocapsules [1.6], Fe/ZnO nanocapsules [1.7], Ni-B alloy-coated Fe3O4 
particles [1.8], Fe3O4-encapsulated BaTiO3
 [1.9], porous Fe3O4/Fe/SiO2 
core/shell nanorods [1.10] and iron-coated carbon fibre [1.11], and so on have 
been widely used as microwave absorbing materials. As seen from most of the 
reviews, the core/shell structure is advantageous for improving the microwave 
absorption ability not only by dual magnetic and dielectric losses, but also by 
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introducing additional interfaces and more polarization charges at the surface 
of the particles. 
 
1.2 Literature Survey 
1.2.1 Fundamentals for microwave absorption 
Microwaves are electromagnetic waves with wavelengths ranging from as long 
as one meter to as short as one millimetre, or equivalently, with frequencies 
between 300MHz (0.3GHz) to 300GHz. Microwaves are used in 
communication (wireless LAN, telecommunication, etc), remote sensing (air 
traffic, weather forecast, etc), navigation (Global Positioning System), power 
(microwave oven, microwave heating used in industrial processes for drying 
and curing products, etc) and materials characterization. The Radio Frequency 
(RF) engineering often putting the lower boundary at 1GHz (30cm), and the 
upper boundary at around 100GHz (3mm). Microwave frequency bands, as 









Frequency range Letter 
Designation 
Frequency range 
L band 1 to 2GHz Q band 30 to 50GHz 
S band 2 to 4GHz U band 40 to 60GHz 
C band 4 to 8GHz V band 50 to 75GHz 
X band 8 to 12GHz E band 60 to 90GHz 
Ku band 12 to 18GHz W band 75 to 110GHz 
K band 18 to 26.5GHz F band 90 to 140GHz 
Ka band 26.5 to 40 GHz D band 110 to 170GHz 
 
A schematic representation of radar system is shown in figure 1.1. When the 
signal from the radar transmitter reaches the object, some will be scattered. If 
the object such as metal is not of wave transparent material, the incident signal 
will be all reflected. The radar can detect the object by receiving the reflected 
signal. Reflection loss (RL) is a parameter for evaluating the microwave 
absorbing property, which is defined by:  





where Pin  is the incident powder density, Pr  is the reflected power density. The 




Figure 1.1: A schematic representation of radar system. 
A commonly used method is the so called specular absorber method, which 
has been widely used by many workers as a theoretical approach in explaining 
the propagation characteristics of a transverse electromagnetic wave in a 
single-layer absorber backed by a perfect conductor, shown in figure 1.2. For a 
wave normally incident on the surface of a single-layer absorber backed by a 
perfect conductor, the input impedance (Zin) at the air-material interface is 
given by [1.12-1.13]: 
Zin = Z0(μr/εr)
1
2 tanh 𝛾𝑤 𝑡, 
        (1.2) 
where Z0 =  (μ0/ε0) = 377Ω  is the intrinsic impedance of free space,  
γ
w
=  jω μrεr /c is the propagation factor in the material, ω is the angular 
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frequency, c is the speed of light and t is the thickness of the sample. The 
dielectric permittivity εr  and the magnetic permeability μr  are measurable 




















Figure 1.2: A schematic diagram for the definition of microwave absorption 
ability. 
 
The reflection coefficient (Γ) is defined as: 








  (1.5)    
where Zin  is the effective wave impedance of the absorber. 
Substitute equation (1.4) into (1.5), and the value of Γ can be obtained. Finally, 
RL, in decibels (dB), can be written as: 
RL = 20lg Γ . 
  (1.6) 
When the reflection coefficient (Γ) reaches its minimal value zero, which means 
that Zin = Z0 (so called impedance match), the lowest reflection loss can be 
obtained, meaning that no wave is reflected back. To prevent any front surface 
reflection from the material layer, the relative dielectric permittivity and the 
magnetic permeability have ideally to equal each other. Once the signal 
penetrates the material, it should attenuate rapidly and be converted into heat. 
Even then if some signal reflects back from the metal sheet, the thickness of 
the samples can be such that the reflected signal at the air-material interface is 
out of phase with the signal reflected from absorber-metal interface, and thus 
cancel each other. This condition is possible when the minimum thickness of 
absorber is equal to one quarter of wavelength (in the material). Thus, these 
requirements create the demand for materials with high permeability. 
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The Snoek’s law [1.14] of soft magnetic bulk materials is used to evaluate the 








  (1.7)  
where fr  is the resonant frequency, μr,s
′  is the low frequency permeability, 4πMs 
is the saturation magnetization and γ ≈ 2.8MHz/Oe is the gyromagnetic factor. 
Thus, only materials with high Ms can achieve high permeability μr,s
′ . 
 
1.2.2 Skin effect 
When an electromagnetic wave interacts with a conductive material, mobile 
charges within the materials are made to oscillate back and forth with the same 
frequency as the impinging fields. The movement of these charges, usually 
electrons, constitutes an alternating electric current, the magnitude of which is 
greatest at the conductor’s surface. The decrease in current density with depth 
is known as the skin effect. The skin depth is defined as the distance over 
which the current falls to 1/e of its original value. For metallic powders, skin 
effect plays an important role in microwave absorption. In the radar absorbing 
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applications, particle size should not exceed significantly the skin depth δ. It 
can be calculated as follow: 




  (1.8) 
where ω = angular frequency of current=2πf in rad/s, 
            f = wave frequency in Hz, 
            μ = magnetic permeability of conductor in H/m, 
            ρ  = the resistivity of the medium in Ωm. 
For example, iron has a resistivity of 1.0 ×10-7Ωm and a relative permeability of 
10. So when f is around 5 GHz, the skin depth is around 0.8μm. 
 
1.2.3 Simulation models for calculation of microwave properties 
The specular absorber method is based on the assumption that the dielectric 
permittivity and magnetic permeability are effective properties of the absorber. 
The absorber consists of inclusions and matrix. The permittivity and 
permeability are influenced by magnetic and structural parameters, such as 
saturation magnetization, magnetocrystalline anisotropy, electrical resistivity, 
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grain size (domain structure), and particle size.  In order to know how these 
factors influence the microwave properties, it is important to develop some 
theoretical models and simulation methods. Magnetization changes due to 
coherent rotation are calculated with the use of the electromagnetic torque 
equation, usually with a phenomenologically added Gilbert or Landau-Lifshitz 
loss term for magnetics. For metallic ferromagnetic particles, the Landau-
Lifshitz-Gilbert (LL-G) equation is widely used to calculate the dynamic 
frequency dependent intrinsic permeability μ
i
. The equation is given as  
dM    
dt
= −γ M    × H    +
∝
Ms
M    ×
dM    
dt
, 
    (1.9) 
where M     represents the magnetization, H    is the magnetic field, γ is the 
gyromagnetic ratio (2.8MHz/Oe) and α is the damping factor that needs to be 
determined from the experimental data. Wallace [1.15] has developed a 
formula of intrinsic permeability based on equation (1.9),  
μ
i
= 1 +  
 4πMs 
2








  (1.10) 
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where  ƒ is the frequency, Ms  is the saturation magnetization and Hk  is the 
magnetic  anisotropy field.  
Based on the calculated intrinsic permeability of the magnetic particles, the 
effective permeability of the composite consisting of the magnetic particles and 
embedded in a nonmagnetic matrix can be further calculated by using the 
effective medium theory (EMT). The schematic representation of magnetic 
particles embedded in non-magnetic matrix is shown in figure 1.3. The 
microstructure of the composite has been shown to play a major role in 
determining the effective properties. The Maxwell-Garnett (MG) theory gives 



















      (1.11)  
when v is the component volume fraction in the matrix. The MG theory is 
known to be valid at a small v [1.16]. At intermediate volume fractions, the 
magnetic particles are actually embedded in the mixture of matrix and 
magnetic particles. Bruggeman proposed that the particles should be 
considered to be embedded in the effective medium itself, and obtained the 
following relationship between the permeability of the effective medium and 






















= 0 . 
  (1.12) 


























= 0 . 
 (1.13) 
where Nk  is the shape factor of the particles along the direction of the magnetic 
field. 
 
Figure 1.3: A schematic representation of particles embedded in matrix. 
As a matter of fact, this Bruggeman theory is not fully applicable to particles 
studied here as the particle size d is of the same order of magnitude of skin 
effect. Indeed, eddy currents can be generated and affect μ
eff





overcome this problem, Rousselle et al. [1.18] have developed a new method 




















       (1.14) 
The parameter A is given by:  
A d, ρ, μ
i
, f =
2(kdcos𝑘𝑑 − sin 𝑘𝑑)
sin𝑘𝑑 − kdcos𝑘𝑑 − k2d2sin𝑘𝑑
, 
   (1.15) 
with the wavenumber: 










where d is the particle size (diameter of a spherical particle), ρ the electrical 
resistivity, and f the microwave frequency. 
The above EMTs are widely used to predict the influence of microstructural, 
electrical and magnetic parameters (such as particle size, electrical resistivity, 
saturation magnetization and anisotropy field) on microwave performance. 





1.2.4 Fe- based metallic magnetic materials  
Magnetic materials with high permeability are utilized in numerous microwave 
devices. For example, fine magnetic particles embedded in a nonmagnetic 
medium are widely used as microwave absorbers. Among different metallic 
magnetic materials, nanocrystalline carbonyl iron is a very promising 
microwave absorption material because of its high saturation magnetization, 
high Curie temperature, and large magnetic permeability at microwave 
frequency. Wen et al. [1.19] have studied the effect of the shape of carbonyl 
iron particles on the microwave permeability, and found that the permeability 
can be enhanced by changing the shapes of particles from spherical to thin 
flake (disc), because of the reduction of eddy loss, orientation of magnetic 
moment and space-charge polarization. Although the improvement can be 
made by adjusting the particle size and shape, the intrinsic drawbacks still exist, 
such as the skin effect limiting the particle size in application due to the low 
resistivity of iron. According to the work done by V. G. Gavriljuk [1.20], in 
substitutional iron-based solutions, alloying elements (Si, Al, Ni, Cu) can affect 












    (1.18) 
where μ
L
 is the drift mobility of electrons due to the lattice vibration scattering, 
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    μ
I
 is the drift mobility of electrons due to the impurity scattering. 
     μ is the overall drift mobility.  
It is known that the impurities will increase the effective resistivity of the 
materials due to the additional scattering. Usually, nanocrystalline alloys are 
obtained by annealing or mechanical grinding of the amorphous precursor. 
Amorphous precursor is generally the metallic glass ribbon made by rapid 
quenching. In the case of annealing, an additional grinding process is needed 
for shaping and size controlling of the as-anneal alloys. Also, some alloys have 
been prepared by the reduction from the corresponding ferrites [1.21]. Among 
these methods, high energy ball milling of the element powders termed 
mechanical milling has attracted most attention. This technique is now widely 
known as mechanical alloying or mechanical milling. To date, there have been 
many reports about the mechanical milling of Fe-based solid solutions or alloys, 
which include binary systems, such as Fe-Si, Fe-Co, Fe-Ni, etc., and  ternary 
systems such as FeSiB, FeSiNi and so on [1.22-1.25].  From the past work, the 
mechanical alloying of Fe-based alloys has led to the formation of 
supersaturated solid solution, multiphase or possibly amorphous structure. 
Magnetic properties such as coercivity (Hc) and saturation magnetization (Ms) 
can be improved when the grain size is reduced to nanoscale, while the 
presence of stresses and defects introduced by mechanical alloying can impair 
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the magnetic property. Thus, the overall magnetic property is a competition 
between decrease in grain size and increase in strain.  
To sum up, mechanical alloying is a useful powder processing technique that 
can produce a variety of equilibrium and non-equilibrium alloy phases. The 
advantage of this process technology is that the powder can be produced in 
large quantities and the processing parameters can be easily controlled. Thus 
it is a suitable method for commercial applications.  
Carbonyl iron and Fe-based alloys (or solid solutions) have the advantages of 
large saturation magnetization, higher Curie temperature and higher Snoek’s 
limit for microwave applications. Nevertheless, the high-frequency permeability 
of metallic magnetic materials may decrease due to losses from eddy-current 
induced by the EM waves. For this reason, it is better to use metallic particles 
with a size smaller than the skin depth (1 µm for iron in the 1-5 GHz range) to 
suppress the eddy-current phenomenon so as to retain its high permeability 
characteristics. Also, for these pure metallic nanoparticles, the poor chemical 
stability (they are prone to oxidation at elevated temperature) usually limits their 
usefulness. Encapsulating these nanoparticles in insulating materials can help 
to reduce surface conductivity and improve chemical stability. For this reason, 
the core-shell structure has been widely investigated by using carbonyl iron or 
iron based alloys as the core materials, such as FeNi coated by SiO2 [1.26], Fe 
19 
 
coated by SiO2 [1.27], ZnO-coated Fe
 [1.7] and Fe coated by Fe3O4 [1.28], and 
so on.  
The microwave absorbing mechanisms were also proposed in the literature 
[1.7,1.28-1.31]. When the shell is a kind of dielectric material (e.g. ZnO, SiO2, 
etc), excellent electromagnetic wave absorption resulted from the efficient 
complement between the relative permittivity and permeability in the materials. 
In the case of dielectric materials coated iron nanocapsules, a better match of 
the dielectric loss and magnetic loss may be realized. This is because of the 
insulated shell layer (lower permittivity and permeability), which coats the 
ferromagnetic iron cores that have large Ms. Meanwhile, the dielectric coating 
introduces additional interfaces and more polarization charges at the surface of 
the composite particles. Such interfacial polarization and the associated phase 
lag may also enhance the reflection loss. Furthermore, the protective shell 
coating could make better dispersivity of the magnetic iron particles in the 
matrix (i.e. to achieve higher percolation threshold). This increases the specific 
surface areas of particles in the composite, and thus, contributes to the 
improvement of microwave absorption property.  
Hence, it can be seen that the core/shell Fe-based particles is one of the most 
promising candidates for making microwave absorbers. The core/shell property 
improves chemical stability and microwave absorption. The shell layer 
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materials and the thickness of shell layer could be adjusted to improve the 
microwave absorption in the desired frequency band.  
 
1.3 Problem to be Solved and Motivation 
The frequency dependent permeability can be calculated by the use of the 
Gilbert or Landau-Lifshitz equation [1.17,1.32]. However, in the most previous 
calculations of permeability, the grain structure, domain structure, and effect of 
the distribution of magnetic easy axes were not considered. Polder [1.33] 
developed the permeability tensor for the calculation of uniformly magnetized 
single-domain particles. Rado [1.34] presented a theory by performing a spatial 
average of responses produced by all domains in a ferrite. Schlömann [1.35] 
developed a theory by taking into account the interactions between 180° 
domains based on magnetostatic approximation. Gelin and Berthou-Pichavant 
[1.36] gave a model for the ferrite permeability tensor with arbitrary 
magnetization states by considering interactions among adjacent domains. 
Grimes et al. [1.32] studied the permeability and permittivity spectra of granular 
materials and showed the existence of dimensional effects at the granular level. 
However, the calculation techniques mentioned above might not be applied 
well to nanocrystalline magnetic materials 
In the design of radar absorbent material (RAM), a good prediction of effective 
material properties would eliminate lots of trials and errors. It is very important 
to choose the right material or filler to put into the binder, of which the binder is 
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usually a dielectric material and its dielectric properties can be easily 
determined. It is also important to interpolate and extrapolate the effective 
material properties by changing the volume fraction of the composite material 
to meet the design requirements. The final stage is to design a multi-layer 
material so as to make it a good broadband absorber. Here, the following 
systematic approach has been adopted:  
(a) Why Fe is chosen to be the metallic magnetic or Fe based material for 
the making of microwave absorber?  The magnetic permeability for 
different metallic magnetic metals (Fe, Ni and Co) is calculated using 
Landau-Lifshitz-Gilbert (LL-G) equation. The selection of the metallic 
magnetic materials covers a wide range of saturation magnetization (0.6 
to 2.2 Tesla) and magneto-crystalline anisotropy (0.005 to 0.53106 
J/m3). In addition, the effect of spatial orientation of domain on their 
intrinsic complex permeability is to be investigated. 
(b) It is not difficult to choose Fe as the right candidate (as its permeability 
has resonant peaks in 1 to 12 GHz) and this is why carbonyl iron and 
magnetite are widely used in the making of microwave absorber. 
Following that, the complex permeability of composite consisting 
carbonyl iron or magnetite is to be calculated and compared with the 
measurement results. The effects of damping factor, size and 
conductivity are to be investigated. In addition, the consideration of 
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effective interaction factor, which is the sum of the demagnetization 
factor and the interactions between neighbouring domains of single 
phase Fe and Fe3O4, is to be included into the LL-G equation. 
(c) Magnetic particles are frequently used in the form of particles dispersed 
in a non-magnetic and non-conducting matrix, e.g. epoxy resin to make 
a microwave absorber. It is concluded that two main factors can 
influence the microwave absorbing property. One is the intrinsic property 
of the magnetic particles (in the first part of investigation) and the other 
is the dispersion of magnetic particles in the matrix. As mentioned 
earlier in the literature review, the core/shell (carbonyl iron/magnetite) 
structure is reliable for improving the dispersion property and thus 
microwave absorbing performance of the absorber. On the other hand, 
two-phase composite is also capable to change the conductivity of the 
intrinsic particle and thus improve its dispersion property. The purpose 
of calculating the effective permeability of these composites is to obtain 
relatively more environmentally stable composites and to achieve high 
permeability. The permeability of the two-phase composite is to be 
calculated and compared with the measurement results. 
(d) In designing microwave absorber, both permeability and permittivity of 
composites are required to calculate the reflection coefficient. The 
permittivity of composite comprising carbonyl iron or magnetite is 
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formulated and calculated. The calculated results are compared with the 
measurement results. 
(e) A method to calculate the complex permeability and permittivity that 
changes with volume concentration is formulated for a given set of 
measured data. This is particularly useful when the intrinsic property is 
difficult or beyond means to calculate. This formulation is to be validated 
with the measurement results. 
(f) The design of the RAM involves identifying the suitable materials, and 
specifying their dimensions and composition. Multi-layer structures, 
which introduce layers of resistive and dielectric or magnetic sheets, are 
often employed for broadband electromagnetic absorbers. The two most 
famous absorbing screens are the Dallenbach and the Salisbury 
Screens. Dallenbach screen is a short circuited lossy dielectric or 
magnetic layer. Salisbury screen consists of a thin resistive sheet 
deposited on a metal-backed dielectric layer. The design of such RAMs 
will be discussed. 
(g) Lastly, a neat analytical form formula using LL ferromagnetic resonance 
(LL FMR) model to compute the effective permeability of carbonyl iron 
and magnetite composite is to be developed. The calculated effective 
permeability is to be compared with LL-G’s and the measurement 
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results. In addition, this thesis explores the use of LL FMR model to 
extract the effective magnetic parameters of uniaxial magnetic thin film. 
 
1.4 Organisation of the Thesis 
Chapter 2 calculates the magnetic permeability for different metallic magnetic 
metals (Fe, Ni and Co). The selection of the metallic magnetic materials covers 
a wide range of saturation magnetization and magneto-crystalline anisotropy. 
This chapter demonstrates how magnetic parameters and the spatial 
orientation of the magnetic domain with respect to the incident field affect the 
complex permeability at microwave frequencies significantly. The isotropic 
permeability of metal particles is then obtained with a random domain structure. 
The interaction factor with the neighbouring domains and the skin depth effect 
are not calculated in this chapter.   
In chapter 3, the effective permeability of the 23 vol% carbonyl iron (Fe) 
composite system is calculated. Moreover, it is of interest to investigate the 
effect of size and conductivity on its computed permeability. Thereafter, an 
interaction factor (sum of the demagnetization factor and the interactions 
between neighbouring domains) for such a composite system is obtained. The 
corresponding results of 17 vol% magnetite (Fe3O4) composite are computed.  
In chapter 4, the permeability of two-phase and core-shell composites 
comprising Fe (carbonyl iron) and Fe3O4 (magnetite) is formulated and 
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computed. The purpose of having these composites is to obtain environmental 
stable composites and yet to achieve high permeability, and to have a better 
dispersion property in the composites. 
In chapter 5, the effective permittivity is calculated for Fe and Fe3O4. The 
calculated results are compared with the measurement data. The design of the 
Dallenbach and the Salisbury Screens absorbers are discussed in the last 
section of this chapter. Prior to this, in the design of such absorbers, there is a 
need to have multi-layer composites consisting of various volume fractions, the 
method to extrapolate and interpolate the effective permittivity and permeability 
is presented and validated. 
In chapter 6, the LL FMR model with skin effect is used to model the complex 
permeability of magnetic thin film with dynamic skin depth effect. Moreover, an 
algorithm has been formulated to extract effective materials parameters of thin 
film with in-plane uniaxial magnetic anisotropy. It has found that the LL-FMR 
model can be used to compute the intrinsic permeability of a magnetic particle 
with different alignments of its magnetic domains with the respect to the 
incident wave. Through integration with respect to its resonant frequency, this 
method offers a neat closed-form formula for the case of isotropic composite.  
In chapter 7, the conclusion of each chapter is compiled to give the overall 
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C h a p t e r  2  
INTRINSIC PERMEABILITY OF FERROMAGNETIC MATERIALS 
2.1 Introduction 
The study of frequency dependent complex permeability has been a subject of 
extensive experimental and theoretical works [2.1-2.9]. In most of these 
theoretical works, domain structure (and grain structure) is not considered. The 
calculation is simply based on the assumption that the magnetic field of the 
incident microwave is perpendicular to the magnetic easy axis of the particle. 
As it is well known, domain structure exists in most magnetic materials and it 
affects magnetic properties (including microwave behaviour) significantly. In 
[2.8], the calculation techniques for Fe-based powders were developed and the 
calculated results were compared with measurement results. It has been found 
that the spatial orientation of domain magnetization vector with respect to the 
dynamic external magnetic field can affect microwave properties significantly. 
This chapter addresses how magnetic anisotropy, saturation magnetization 
and spatial orientation of domain magnetization vector affect magnetic 
permeability in terms of intensity and resonance. In this chapter, the magnetic 
permeability for different metallic magnetic metals (Fe, Ni and Co) is calculated. 
The selection of the metallic magnetic materials covers a wide range of 
saturation magnetization and magneto-crystalline anisotropy. The results 
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shown in this chapter demonstrate how magnetic parameters and the spatial 
orientation of the magnetic domain with respect to the incident field affect its 
complex permeability at microwave frequencies significantly. The isotropic 
permeability of metal particles is then obtained with a random domain structure 
as shown in the schematic diagram in Figure 2.1(a).  The interaction factor 
between neighbouring magnetic domains and the skin depth effect are not 
calculated in this chapter.   
 
2.2 Theory 
Figure 2.1 shows the multigrain structure of a spherical magnetic particle and 
microwave propagation in a single grain in the spherical magnetic particle. The 
Landau-Lifshitz Gilbert equation has been widely used in the calculation of the 
dynamic frequency dependent permeability of magnetic materials, and is given 
as: 
dM    
dt
= −γ M    × H    +
∝
Ms
M    ×
dM    
dt
, 
                                                                                                               (2.1) 
where M     is the magnetization vector in the magnetic domain as shown in figure 
2.1, H    is the total magnetic field intensity, Ms is the saturation magnetization of 
the magnetic domain,  γ is the gyromagnetic ratio, and ∝ is the damping factor.  
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Each particle is assumed to consist of many grains with a random distribution 
of magnetic anisotropy axes. Each particle contains many magnetic domains. 
The magnetization of a magnetic domain is parallel to its magnetic easy axis, 
as shown in figure 2.1(a). As the overall magnetization of each particle is zero 
in the demagnetized state when the external magnetic field is zero, the 
demagnetization field of the overall particle is negligibly small.  
 
 
                       1(a)                                                                  1(b) 
Figure 2.1:  (a) Multigrain structure of a spherical magnetic particle. (b) 
Coordinate system for microwave propagation in a single grain in the 
spherical magnetic particle. 
The total magnetic field intensity includes static magnetic field intensity H   s  and 
the dynamic external magnetic field intensity h   from the incident microwave. 
The static magnetic field intensity may consist of the applied external magnetic 










representing any further possible interaction in magnetic materials. The 
dependence of magnetic properties on a preferred direction is called magnetic 
anisotropy. Magnetic anisotropy strongly affects the shape of hysteresis loops 
and controls the coercivity and remanence. As no external magnetic field was 
applied, the magnetocrystalline anisotropy field intensity Hk  is used as the 
static magnetic field intensity [2.10]. Taking the z direction along Hk , the field 
and magnetization expansions are given as [2.10]: 
H   = (Hk − βMs)z + h  e
j(ωt−k  .r ), 
                                                                                                               (2.2) 
M    = Msz + m    e
j(ωt−k  .r ), 
                                                                                                               (2.3) 
where  ω is the angular frequency, t is the time, k   is the wave propagating 
wave vector, r  is the position vector, Ms is the saturation magnetization, β is the 
interaction factor (it includes interparticle, grain-grain and domain interactions), 
and m     and h   are the time varying magnetization vector and magnetic field 
intensity, and are given as: 
m    = mxx + myy + mzz , 
                                                                                                               (2.4) 
h  = hxx + hyy + hzz . 
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                                                                                                               (2.5) 












                                                                                                               (2.6) 
where 
ω0
′ = γ(Hk − βMs) + jωα. 
                                                                                                               (2.7) 
Solving equation (2.6) (m    = χh  , b  = (1 + χ)h   ) gives [2.11] 









                                                                                                               (2.8) 
where 
χ = 1 +
ω0ωm [ω0
2 −ω2 1 − α2 ]
[ω0




2 + ω2 1 + α2 ]
[ω0
2 − ω2 1 + α2 ]2 + 4ω2ω0
2α2
 
                                                                                                                (2.9) 
κ =
−ωωm [ω0
2 −ω2 1 + α2 ]
[ω0






2 −ω2 1 + α2 ]2 + 4ω2ω0
2α2
 
                                                                                                             (2.10) 
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ωm = γMs , ω0 = γ(Hk − βMs), and b   is the time varying magnetic field. 
In the case when the propagation vector is not parallel to M     (i.e. θ ≠ 0°) , as 
shown in figure 2.1(b), the time varying magnetic field can be obtained from 
Maxwell equations in terms of  , h

 and kˆ  as [2.11]: 
b  = μ0μ h  −  h  . k  k  , 
                                                                                                               (2.11) 
where 
μ = complex permeability. 
By equating equations (2.8) and (2.11), and solving it by setting the 
determinant equals to zero to obtain two solutions. The equivalent complex 
permeability for the general case of elliptical polarisation is found to be [2.11]:  
μ = μ0
 χ2 − χ − κ2 sin2𝜃 + 2χ ± [ χ2 − χ − κ2 2sin4𝜃 + 4κ2cos2𝜃]1/2
2[ χ − 1 sin2𝜃 + 1]
, 
                                                                                                               (2.12) 
where θ is the angle shown in figure 2.1. 
In this chapter, the isotropic magnetic permeability of polycrystalline particles 
with a random distribution of magnetization orientations of magnetic domains is 
calculated. The intrinsic permeability is obtained by taking the average of one 









                                                                                                               (2.13) 
 
2.3 Results and Discussion 
Equation (2.12) is used to obtain Figure 2.2-Figure 2.6. ∝ is set to 0.1 and β is 
set to 0 in this chapter for explaining why Fe is chosen as metallic filler for 
microwave absorber.   Table 2.2 tabulates resonant frequency and peak i for 
different  . 
 
Table 2.1 shows the magnetic parameters of Fe, Ni and Co obtained from 
[2.12]. Ni, Fe and Co show increasing anisotropy energy (K1) and anisotropy 
field (Hk). Figure 2.2(a) and (b) show the relative permeability of Fe with 
respect to frequency for different spatial orientations of magnetization vector, 
for   = 0, 30, 60 and 90. Both the real and imaginary parts of permeability 
(denoted by r and i respectively) are strongly influenced by  . The peak i 
occurs at 1.63, 5.14, 8.40 and 9.54 GHz with a value of 389.0, 113.6, 68.5 and 
60.0 for   equals 0, 30, 60 and 90 respectively. From   equals 0 to 90, the 
peak imaginary part of i decreases 6.15 times while the frequency at which 
occurs has shifted upwards by 5.85 times. For increasing  , the general trend 
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is that the maximum of i occurs at higher frequency, but its value decrease, 
and its peak broadens. The same behaviour is seen in Figure 2.3 and Figure 
2.4 for Ni and Co respectively. As for Ni, the peak imaginary part of i occurs at 
0.57, 1.65, 2.69 and 3.05 GHz with a value of 295.4, 100.1, 60.6 and 53.0 for 
  equals 0, 30, 60, and 90 respectively. From   equals 0 to 90, the peak 
value i decreases 5.57 times while the frequency at which occurs has shifted 
upwards by 5.35 times. Lastly, it is interesting to note that the change in peak 
value i is not as drastic for Co as   changes, while its magnetic anisotropy K1 
is much larger compared to others. The peak i occurs at 21.09, 26.50, 34.84 
and 38.31 GHz with a value of 23.3, 16.7, 11.3 and 9.9 for   equals 0, 30, 60 
and 90 respectively. From   equals 0 to 90, the peak imaginary part of i 
decreases only 2.36 times while the frequency at which occurs has shifted 
upwards by 1.82 times. There is slight broadening of peak i for the case of Co 
for increasing  .  Table 2.2 tabulates resonant frequency and peak i for 
different  . 
 
Table 2.1: Magnetic Properties of Ni, Fe and Co [2.12]. 
 FCC Ni BCC Fe HCP Co 
0 Ms (Tesla) 0.61 2.15 1.76 
HK(Oe) 206 584 7568 
1K (10
6 J/m3) 0.005 0.05 0.53 
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Table 2.2: Resonant frequency and peak i for different   for Ni, Fe and Co. 
 FCC Ni 
Resonant 








frequency (GHz) / 
peak i 
0 0.57/295 1.63/389 21.1/23.3 
30 1.65/100 5.14/114 26.5/16.7 
60 2.69/60.6 8.40/68.5 34.8/11.3 
90 3.05/53.0 9.54/60.0 38.3/9.9 
 
 
Figure 2.5 and Figure 2.6 show the peak frequency (fmax) and peak (i,max) 
respectively, plotted against angle respectively. In Figure 2.5, Ni, Fe and Co 
show increasing fmax for increasing   (as expected from Figure 2.2 to Figure 
2.4). In Figure 2.6, Co, Ni and Fe show decreasing i,max for increasing  (as 
expected from Figure 2.2 to Figure 2.4). Figure 2.5 and Figure 2.6 provide the 





(a) : Real part of permeability vs frequency (GHz) for Fe. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe. 
Figure 2.2(a)-(b): Real and imaginary parts of permeability vs frequency 




(a) : Real part of permeability vs frequency (GHz) for Ni. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Ni. 
Figure 2.3(a)-(b): Real and imaginary parts of permeability vs frequency 




(a) : Real part of permeability vs frequency (GHz) for Co. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Co. 
Figure 2.4(a)-(b): Real and imaginary parts of permeability vs frequency 
(GHz) for Co. 
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Equation (2.13) is used in this work to calculate the isotropic permeability of 
magnetic particles. Figure 2.7 shows the calculated relative isotropic 
permeability vs frequency (GHz) for Fe, Ni and Co. The curves obtained are 
different from any single  ’s.  It has two peaks in  μi , instead of single peak 
which is obtained for a single angle, as shown in Figure 2.2 to Figure 2.4. The 
second peak is due to the contributions from   of higher values. It is observed 
that the second peak in the case of Fe and Ni is higher than first peak. 
Furthermore, it has been shown that Ni and Co have maximum imaginary part 
of isotropic permeability in lowest and highest frequency respectively. 
Generally,  =0º  produces a much higher relative permeability at a lower 
resonant frequency and its permeability decreases rapidly to very small values 






Figure 2.5: fmax vs angle of incidence for Fe, Ni and Co. 
 








(b) : Imaginary part of relative isotropic permeability vs frequency (GHz) for 
Fe, Ni and Co. 
Figure 2.7(a)-(b): Real and imaginary part of relative isotropic permeability vs 
frequency (GHz) for Fe, Ni and Co. 
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2.4 Concluding remarks  
This chapter has demonstrated how magnetic anisotropy, saturation 
magnetization and spatial orientation of magnetization vector affect magnetic 
permeability. The magnetic permeability for different metallic magnetic metals 
(Fe, Ni and Co), in the absence of interaction, has been calculated. The 
selection of the metallic magnetic materials covers a wide range of saturation 
magnetization and magneto-crystalline anisotropy. For increasing  , the peak 
i occurs at a higher frequency, but has a lower peak value and a broader 
peak. When the isotropic permeability,  μi , is calculated for the materials, two 
peaks in imaginary part of  μi  are observed, which is also observed in the 
measurement results [2.8]. The second peak is due to the contributions from   
of higher values. The peak frequency of  μi  is highest for Co, and lowest Ni. 
These investigations have provided an insight in selecting the correct magnetic 
material of correct particle size and   for practical application in the desired 
frequency range. As the current focus is in the choosing of a good filler for the 
design of microwave absorber in the L to X band (1-12 GHz), Fe based 
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C h a p t e r  3  
  PERMEABILITY OF Fe AND Fe3O4 COMPOSITES 
3.1 Introduction 
As discussed in Chapter 1, a model will be developed in this thesis for the 
calculation of magnetic permeability of Fe, Fe3O4 and their composites (two 
phase mixture and core/shell, respectively). As demonstrated in Chapter 2, the 
consideration of domain structure (orientation to microwave field and 
distribution of orientations) is essential in the theoretical calculation.  In this 
chapter, magnetic permeability is calculated based on a model developed in 
this thesis. In this model, several parameters are considered for the calculation, 
namely the damping factor  and the interaction factor  for the overall 
interactions of grain-grain interactions, exchange coupling interactions between 
magnetic domains, and demagnetisation field. In addition, the skin-effect is 
considered in this work. The values for  and  have to be obtained by fitting 
experimental results. 
BCC(or bcc) iron is chosen from previous chapter to be a good candidate for 
making microwave absorber from L to X band. In this chapter, the effective 
permeability of the 23 vol% carbonyl iron (Fe) composite system is modelled. 
Moreover, it is of interest to investigate the effect of size and conductivity on its 
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computed permeability. It is shown in this study that the size and conductivity of 
the particle should be kept as small as possible to achieve high permeability of 
particles. Thereafter, an interaction factor for Fe composite system is obtained. 
This is used to calculate its two-phase composite system in next chapter. 
In a similar way, the results of 17 vol% magnetite (Fe3O4) composite are 
computed. Each interaction factor for carbonyl iron and magnetite composite is 
then applied in the next chapter to compute the effective permeability of two-
phase composite system. 
 
3.2 Sample Preparation 
In the present work, microwave permeability of iron powders with different 
particles sizes has been studied. The commercially available carbonyl iron 
power, HQ CIP from Ciba, with an average particle size of approximately 1 µm, 
is used. Figure 3.1a shows the scanning electron microscopy (SEM) 
micrograph of the commercially available carbonyl iron powders. It can be seen 
that the carbonyl iron powders consist of spherical particles with an average 
particle size of approximately 1 µm. The composite sample is prepared by 
mixing the fine iron powders with epoxy resin. A 23% volume concentration of 
the iron powders is prepared. The mixture was then pressed into toroids with 
an outer diameter of 6.9 mm, an inner diameter of 3 mm, and a length of 
approximately 2mm. This is used for the microwave measurement.  
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Similarly, the SEM micrograph of magnetite powders is given in Figure1b. 
Here, the magnetite particle is assumed to be spherical in shape and has an 
average size of approximately 0.25 µm. The composite sample was prepared 
by mixing the magnetite powders with epoxy resin using a 17% volume 
concentration of the magnetite. The mixture is then pressed into toroids of the 














Figure 3.1: (a) SEM image of carbonyl iron, (b) SEM image of magnetite 
particles and (c) fabricated sample. 
  
3.3 Characterization of Samples 
Figure 3.2 shows the XRD and VSM plots of HQ carbonyl iron particles. All the 
peaks in the XRD plot can be well indexed with the bcc-Fe phase. The 
saturation magnetization of 210 emu/g is well expected for bcc-Fe. 23 vol% of 
carbonyl Fe particles were mixed with epoxy resin and the sample was 
characterized using the coaxial air-line method [3.1]. Coaxial air-line is the most 
widely used transmission line in the characterization of permittivity and 
permeability of materials. In the coaxial air-line method, the toroidal sample is 
inserted between the inner and outer conductors of the coaxial line. Coaxial air-
51 
 
line method has obvious advantages that it can theoretically work down to zero 
frequency, and it can cover a wide frequency range.  
Figure 3.3 shows the XRD and VSM plots of magnetite particles. All the peaks 
in the XRD spectrum correspond well to the Fe3O4 spinel phase. The 
hysteresis loop shows a saturation magnetization of 84 emu/g, which is well 
expected for the Fe3O4 spinel phase. 17 vol% Fe3O4 particles were mixed with 






 (a) : XRD of the carbonyl Fe powder. 
 
(b) :  VSM hysteresis loop of the powder. 
Figure 3.2: (a) XRD of the carbonyl Fe powder; (b) VSM hysteresis loop of the 
carbonyl iron powder. 
























 (a) : XRD of the Fe3O4 powder. 
 
 (b) : VSM hysteresis loop of the powder. 
Figure 3.3:(a) XRD of the Fe3O4 powder; (b) VSM hysteresis loop of the 
powder. 
 































3.4 Theoretical formulation 
In this chapter, the formulae for calculating the effective permeability of Fe 
(carbonyl iron) and Fe3O4 (magnetite) are established (intrinsic permeability 
was computed in chapter 2). Generally, magnetic particles are dispersed in an 
insulating matrix to make microwave absorbing materials. Many methods have 
been developed to calculate the effective permeability μ
eff
 of composite. 
Bruggeman’s effective medium theory is one of the most widely used mixture 
theories for uniformly magnetic spherical inclusions.  
Rousselle et al. [3.2] and Berthault et al. [3.3] and have developed an extended 
effective medium theory (extended EMT) for the quasi-stationary case of 
metallic inclusions to take account of the eddy current on the effective intrinsic 
magnetic permeability. The intrinsic permeability is multiplied by an additional 
factor in the Bruggeman’s effective theory. This method has been used in [3.4-





















                                                                                                                   (3.1) 
The parameter A is given by 








                                                                                                                   (3.2) 
where 









                                                                                                                   (3.3) 
v is the volume concentration of the fillers, d is the diameter of a spherical 
particle, ρ is the electric resistivity,  f is the frequency and  μ
i
  is the isotropic 




 are the 
permeability of matrix and effective permeability of composite respectively. 
 
3.5 Results and Discussion 
In this section, the calculated permeability of Fe (carbonyl iron) and Fe3O4 
(magnetite) is compared with the measurement results.  
3.5.1 Calculation of magnetic permeability for HQ carbonyl iron 
The measured real and imaginary parts of permeability are plotted in Figure 
3.4. The carbonyl iron (HQ) has an average size, d, of 1 µm, and has electric 
resistivity ρ = 0.1 µΩm, saturation magnetization 4πMs =21500 G 
(corresponding to 220 emu/g), and anisotropy field Ha = 584 Oe [3.6]. As 
shown in Figure 3.4, ∝= 0.1  provides a reasonably good match with the 
measurement results. Table 3.1 presents the errors ( ∆𝛍′ =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
′ −
𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝
′ )𝟐, ∆𝛍" =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
" − 𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝
" )𝟐 ,∆𝛍 = ∆𝛍′ + ∆𝛍") obtained for different 
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damping factors (∝). The frequency step used in the computation is 0.01 GHz. 
As shown, α=0.1 gives the lowest Δµ. 
Table 3.1: Errors obtained for different damping factors for Fe. 
 α=0.05 α=0.1 α=0.2 α=0.4 α=0.8 
∆𝛍′ 14.25 4.44 8.86 46.31 143.91 
∆𝛍" 6.66 4.28 3.44 4.52 10.70 
∆𝛍 20.92 8.72 12.30 50.83 154.61 
∆𝛍′ =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
′ − 𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝
′ )𝟐, ∆𝛍" =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
" − 𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝
" )𝟐 ,∆𝛍 = ∆𝛍′ + ∆𝛍". 
Figure 3.5 shows that the real and imaginary parts of the effective permeability 
decrease when d > 0.1 μm (parameters of Fe remains the same except the d). 
The second peak in the imaginary part of effective permeability shifts towards 
lower frequency with increasing d.  Figure 3.6 shows that the real and 
imaginary parts of the effective permeability decreases when  σ > 105  S/m 
(parameters of Fe remains the same except the σ). The second peak in the 
imaginary part of effective permeability shifts towards lower frequency with 
increasing σ. Due to the agglomeration of the Fe particles, the particle gets 
bigger and causes the permeability to decrease. Thus, there is on-going 
research on forming a thin non-conducting or much less conducting shell on 
the Fe particle. On the other hand, the conductivity of the Fe particle can be 
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reduced by having a non-conducting or much less conducting phase in its Fe 
particle. All these effort not only keep its high permeability characteristic of Fe 
particle, it also helps to make it more chemically stable, i.e. more oxidation 
resistant.  
In order to move on to calculate the effective permeability of its two-phase 
system, the interaction factor of the Fe composite is then obtained by fitting. 
The grain-grain and domain interactions are investigated and plotted in Figure 
3.7, with interaction factor, β, varies from -0.01 to 0.01. As shown in the Figure 
3.7 and table 3.2, the results indicate that β=-0.002 makes the predicted and 
measured results to agree better. Thus, β is set to -0.002 for Fe particle 
composite in our work. 
Table 3.2: Errors obtained for different interaction factors for Fe. 
 β=0 β=-0.01 β=0.01 β=-0.02 β=0.02 
∆𝛍′ 4.44 10.20 15.44 4.58 4.93 
∆𝛍" 4.28 8.75 22.08 4.03 5.39 
∆𝛍 8.72 18.95 37.52 8.62 10.31 
∆𝛍′ =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
′ − 𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝
′ )𝟐, ∆𝛍" =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
" − 𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝





(a) : Real part of permeability vs frequency (GHz) for Fe. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe. 
Figure 3.4(a)-(b): Real and imaginary parts of effective permeability vs 




(a) : Real part of permeability vs frequency (GHz) for Fe with varying d. 
 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe with varying d. 
Figure 3.5(a)-(b): Real and imaginary parts of effective permeability vs 




(a) : Real part of permeability vs frequency (GHz) for Fe with varying σ. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe with varying σ. 
Figure 3.6(a)-(b): Real and imaginary parts of effective permeability vs 




(a) : Real part of permeability vs frequency (GHz) for Fe for different β. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe for different β. 
Figure 3.7(a)-(b): Real and imaginary parts of effective permeability vs 
frequency (GHz) for Fe (carbonyl iron), for different β (interaction factors). 
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3.5.2 Calculation of magnetic permeability for magnetitie  
In another example, we studied the permeability of Fe3O4 particles. The 
average size of Fe3O4 (magnetite) particle is about 0.25 µm. 4πMs, Hk  and σ 
are approximately 5.7 kG, 595 Oe and 2.5× 104 S/m respectively. As shown in 
Figure 3.8 and table 3.3, ∝= 1.1 provides a reasonably good match with the 
measurement results. ∝= 1.1 gives the best match in resonant frequency and 
peak, despite ∝= 1.6  gives the least error with the measured permeability. 
Figure 3.9 shows no or insignificant change in the real and imaginary parts of 
the effective permeability when d increases from 0.25 μm to 5 μm. When d=20 
μm, there is little change in the real and imaginary parts of the effective 
permeability. Thereafter, it starts to decrease with increasing d. Figure 3.10 
shows no change in the real and imaginary parts of effective permeability when 
σ increases from 25000 S/m to 107  S/m. When σ =108  S/m, there is little 
change in the real and imaginary parts of effective permeability. Thereafter, it 
starts to decrease with increasing σ. Because its magnetic permeability is not 
sensitive to particle size (<5 μm), it could be used as a shell for a core-shell 
system. Furthermore, magnetite conductivity is a few orders lower than 
carbonyl Fe and permeability is rather high, it also could be used with carbonyl 




Similarly, the grain-grain and domain interactions are investigated and plotted 
in Figure 3.11, with β ranges from -0.1 to 0.1. As shown in the Figure 3.11 and 
table 3.4, the results indicate that β =-0.01 makes the predicted and measured 
imaginary part of permeability agree slightly better.  
Table 3.3: Errors obtained for different damping factors for Fe3O4. 
 α=0.1 α=0.2 α=0.4 α=1.1 α=1.6 
∆𝛍′ 161.66 105.85 55.86 8.30 6.14 
∆𝛍" 215.82 131.59 58.24 4.61 1.78 
∆𝛍 377.48 237.44 114.10 12.91 7.92 
∆𝛍′ =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
′ − 𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝
′ )𝟐, ∆𝛍" =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
" − 𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝
" )𝟐 ,∆𝛍 = ∆𝛍′ + ∆𝛍". 
Table 3.4: Errors obtained for different interaction factors for Fe3O4. 
 β=0 β=-0.05 β=0.05 β=-0.01 β=0.01 
∆𝛍′ 11.01 13.62 10.83 11.40 10.74 
∆𝛍" 4.69 5.51 7.48 4.66 4.86 
∆𝛍 15.70 19.13 18.31 16.07 15.60 
∆𝛍′ =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
′ − 𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝
′ )𝟐, ∆𝛍" =  (𝛍𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐝
" − 𝛍𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝




(a) : Real  part of permeability vs frequency (GHz) for Fe3O4. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe3O4. 
Figure 3.8(a)-(b): Real and imaginary parts of effective permeability vs 




(a) : Real part of permeability vs frequency (GHz) for Fe3O4 for different d. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe3O4 for different d. 
Figure 3.9(a)-(b): Real and imaginary parts of effective permeability vs 




(a) : Real part of permeability vs frequency (GHz) for Fe3O4 for different σ. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe3O4 for different σ. 
Figure 3.10(a)-(b): Real and imaginary parts of effective permeability vs 




(a) : Real part of permeability vs frequency (GHz) for Fe3O4 for different β. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe3O4 for different β. 
Figure 3.11(a)-(b) : Real and imaginary parts of effective permeability vs 
frequency (GHz) for Fe3O4 (magnetite) for different β (interaction factors). 
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3.4 Concluding Remarks 
As shown in the simulations, this model offers good predictions of complex 
permeability of Fe and Fe3O4 particles composites. The average diameters of 
Fe and Fe3O4 particle are about 1 and 0.25 μm respectively, while their 
conductivities used in the simulation are 107 and 25000 S/m. As shown in the 
simulations, the damping coefficients of 0.1 and 1.1 produce reasonably good 
matches with the measurement data. Finally, the calculations indicate that  = -
0.002 and -0.01 for bcc-Fe and Fe3O4 respectively. The parameters used in the 
simulations are summarised in the table below. 










Fe 1 107 0.1 -0.002 
Fe3O4 0.25 25000 1.1 -0.01 
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C h a p t e r  4  
  PERMEABILITY OF Fe/Fe3O4 AND Fe-Fe3O4(CORE-SHELL) 
COMPOSITES 
4.1 Introduction 
There are two main factors that influence the microwave absorbing property of 
magnetic particle composite; one is the intrinsic property of the magnetic 
particles (in chapters 2 and 3), and the other is the dispersion of magnetic 
particles in the matrix (in chapter 3). As mentioned earlier in the literature 
review, the core-shell (carbonyl iron-magnetite) structure is reliable for 
improving the dispersion property and thus microwave absorbing performance 
of the absorber. On the other hand, two-phase (for example Fe/Fe3O4) 
composite is also capable to change the conductivity of the intrinsic particle 
and thus improve its dispersion property (lowering its effective conductivity). 
The purpose of calculating the effective permeability of these composites is to 
obtain both environmentally stable composites, and high permeability. In this 
chapter, the permeability of two-phase and core-shell composites containing 





The formulae for effective permeability of two-phase and core-shell composites 
comprising Fe (carbonyl iron) and Fe3O4 (magnetite) are explained in this 
section.  
4.2.1 Formulation of the effective permeability of the two-phase 
composite 
From section 2.1, the total effective magnetic field for each particle is given by:  
H   = H   a + h  − βM    . 
                                                                                                                   (4.1) 
As for the two-phase composite system (see Figure 4.1), equation                    
(4.1) is modified as: 
H   = v1H   a,1 + h  − v1β1M
    
1+v2H   a,2 − v2β2M
    
2, 
                                                                                                                   (4.2) 
where the subscript 1 and 2 denotes the Fe and Fe3O4 phase respectively. 
Similarly, other parameters used in the calculation of permeability of two-phase 
compsitie system are proposed in the following: 
M    = v1M    1 + v2M    2, 
                                                                                                                   (4.3) 
∝= v1 ∝1+ v2 ∝2, 
                                                                                                                   (4.4) 
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where v1  and v2  are the volume fraction of Fe and Fe3O4 respectively in 
particle. 











                                                                                                                   (4.5) 
 
Figure 4.1: Schematic diagram of the Fe/Fe3O4 (two-phase) system. 
 
On the other hand, Figure 4.2 shows the schematic diagram for the cases 
when effective conductivities are in parallel, in series and dispersed. Figure 4.3 
illustrates a few cases of effective conductivities of two-phase systems. The 
purpose is to show how other cases of effective conductivities deviate from 
equation (4.5) (series case) and the effective conductivities in parallel, series 
















                                                                                                                   (4.6) 
σ = v1σ1 + v2σ2 







                                                                                                                   (4.8) 
As shown in Figure 4.3, the results of my selected case (in series) are quite 





Figure 4.2: The effective conductivity of a material having a layered structure. 
(a) Along a direction perpendicular to the layers. (b) Along a direction parallel to 
the plane of layers. (c) Material with a dispersed phase in a continuous matrix 





Figure 4.3: Effective conductivities obtained from Figure 4.2 (σ1=1× 107 S/m 




4.2.2 Formulation of the effective permeability of the core-shell 
composite 
In this section, a general formulation given by Shivola [4.3] for the core-shell 
system (figure 4.4), which is used to calculate effective permittivity, is employed 
to calculate effective permeability of core-shell system. Effective 
permittivity, εeff , for core-shell composite is [4.3]: 
 εeff − εm 




 ε1 − εm  +  2ε1 + εm + M εeff − εm  
 ε2 − ε1 a2
3/a1
3
 ε2 + 2ε1 + M εeff − εm  
 ε1 + 2εm + M εeff − εm  + 2(ε1 − εm )
 ε2 − ε1 a2
3/a1
3
 ε2 + 2ε1 + M εeff − εm  
. 
                                                                                                               (4.9) 
where εm = permittivity of matrix, ε1 = permittivity of shell, ε2  = permittivity of 
inclusion, 𝑎1= radius of shell, a2 = radius of shell, M = fitting parameter (to be 
determined) and  fl
2
l=1  is the volume fraction core-shell particles in the mixture. 
M=0, 1, 2 and 3 give the same or similar Rayleigh mixture formula, Bruggeman 
formula, Böttcher mixing formula and quasi-crystalline approximation formula 
respectively. 
















































































                                                                                                               (4.10) 
                           




4.3 Results and Discussion 
4.3.1 Effective permeability of two-phase system 
Figure 4.5 to Figure 4.8 show the permeabilities of the Fe/Fe3O4 two-phase 








μm. In each figure, different v1 (volume fraction of Fe in Fe/Fe3O4 particle), 
ranging from 10 vol% to 90 vol% in step of 20 vol%, are plotted. As expected, 
when v1 increases, the relative effective permeability approaches that of the 
Fe. ∝= 0.1  and ∝= 1.1  are used to compute carbonyl Fe and Fe3O4 
respectively. The permeability for Fe/Fe3O4 changes with v1 for diameter = 0.25 
μm and 2 μm are plotted in the Figure 4.5 and figure 4.6 respectively. For small 
diameters of the Fe particles (d=0.25 μm and 2 μm), the permeability is larger 
than that of the Fe3O4. Increasing the volume fraction of Fe in the two-phase 
system increases the effective permeability significantly.  
When the diameter = 5 μm or more for the two phase particle, the permeability 
of the single Fe particle is comparable to that of the Fe3O4 particle. The change 
in the volume fraction of the Fe in the two-phase system does not significantly 
change the effective permeability of the composite. The results for the 
diameters of 5 and 10 μm are plotted in figure 4.7 and figure 4.8 respectively. 
Figure 4.9 shows the XRD, SEM and VSM plots of Fe/Fe3O4. All the peaks in 
the XRD plot can be indexed with the bcc-Fe/ Fe3O4 phase. The saturation 
magnetization of 110 emu/g suggests about 10 vol% of carbonyl Fe phase and 
90 vol% of Fe3O4 phase. Figure 4.10 shows that when v1=10 vol%, the 





(a) : Real part of permeability vs frequency (GHz) for Fe/Fe3O4. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe/Fe3O4. 
Figure 4.5(a)-(b): Real and imaginary part of permeability vs frequency (GHz) 




(a) : Real part of permeability vs frequency (GHz) for Fe/Fe3O4. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe/Fe3O4. 
Figure 4.6(a)-(b): Real and imaginary part of permeability vs frequency (GHz) 




(a) : Real part of permeability vs frequency (GHz) for Fe/Fe3O4. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe/Fe3O4. 
Figure 4.7(a)-(b): Real and imaginary part of permeability vs frequency (GHz) 




(a) : Real part of permeability vs frequency (GHz) for Fe/Fe3O4. 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe/Fe3O4. 
Figure 4.8(a)-(b): Real and imaginary part of permeability vs frequency (GHz) 




(a) : XRD of the Fe/Fe3O4 powder and its SEM image in the insert. 
 
(b) : VSM hysteresis loop of the powder. 
Figure 4.9: (a) XRD of the Fe/Fe3O4 powder and its SEM image in the insert; 




(a) : Real part of permeability vs frequency (GHz) for Fe/Fe3O4. 
 
  (b) : Imaginary part of permeability vs frequency (GHz) for Fe/Fe3O4. 
Figure 4.10(a)-(b): Real and imaginary part of permeability vs frequency (GHz) 
for Fe/Fe3O4 (d=0.25 μm) for different v1 (vol% of Fe in Fe/Fe3O4). 
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4.3.2 Effective permeability of core-shell system 
Another way to further chemically stabilize Fe is to coat it with an oxide layer. In 
this section, the permeability of an Fe coated with an Fe3O4 is simulated. 
Figure 4.11 to Figure 4.13 show the frequency dependent permeability of core-
shell composite for different ratio r,  of the core radius to shell radius, for 
different fitting parameters M (see equation (4.19)). M=0, 1, 2 and 3 give 
Rayleigh mixture formula, Bruggeman formula, Böttcher mixing formula and 
quasi-crystalline approximation formula respectively. As shown in Figure 4.13 
(M=2), the permeability of Fe, which is when r=1 (diameter=1 μm), is about the 
same as the one computed in Chapter 3 for volume fraction of 23%. This 
suggests that it might be good to use M=2 for the computation of permeability 
of Fe(core)- Fe3O4(shell) composites. As expected, the coating has to be very 
thin in order to maintain the high permeability of Fe. However, with the coating 
of Fe3O4, the permeability curve of the composite is different from Fe, thus 
giving an opportunity to design composites with different permeability curves. 
Figure 4.14 to Figure 4.16 show the effective permeabilities of the core-shell 
composite of 17 vol%, for the diameters 2, 5 and 10 μm respectively. r=0 
corresponds to the Fe3O4 only, while r=1 corresponds to carbonyl Fe. It is 
noted that the permeability of the Fe3O4 composite is quite independent of the 
diameter, while the permeability of carbonyl Fe composite decreases with 
increasing diameter. As shown in each figure, the permeability curve of 
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different values of r is bounded by the permeability curves of r=0 and r=1, and 
the resonant frequency is relatively unchanged with different r as compared to 





(a) : Real part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-shell). 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-
shell). 
Figure 4.11(a)-(b): Real and imaginary parts of permeability vs frequency 




(a) : Real part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-shell). 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-
shell). 
Figure 4.12(a)-(b): Real and imaginary parts of permeability vs frequency 




(a) : Real part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-shell). 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-
shell). 
Figure 4.13(a)-(b): Real and imaginary parts of permeability vs frequency 




(a) : Real part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-shell). 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-
shell). 
Figure 4.14(a)-(b): Real and imaginary parts of permeability vs frequency 
(GHz) for Fe-Fe3O4 (core-shell) for different r (core-shell radius ratio), for M=2 




(a) : Real part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-shell). 
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-
shell). 
Figure 4.15(a)-(b): Real and imaginary part of permeability vs frequency (GHz) 





(a) : Real part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-shell).  
 
(b) : Imaginary part of permeability vs frequency (GHz) for Fe-Fe3O4 (core-
shell). 
Figure 4.16(a)-(b): Real and imaginary part of permeability vs frequency (GHz) 




4.4 Concluding Remarks 
The models to calculate the two-phase (Fe/Fe3O4) and the core-shell (Fe-
Fe3O4) composites, have been proposed in this chapter. As shown in our 
simulations, the permeability curves obtained are in between those of the Fe 
and Fe3O4 composite. It is noted that the core-shell composite (in which the 
shell is an insulating layer) has the advantages of higher percolation threshold 
and greater resistance to oxidation, The curves give the opportunity to design 
composites with different requirements. In the comparison study with the 
measured results, the computed results of 17 vol% of Fe/Fe3O4 (v1=10 vol%) 
compared quite well with the measured results. 
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C h a p t e r  5   
 DESIGN OF ABSORBING PROPERTY OF PARTICLE COMPOSITE 
5.1 Introduction 
The effective permeability established in the previous chapters has to be used 
with the effective permittivity to calculate reflection coefficient. In this chapter, 
the effective permittivity is calculated for Fe and Fe3O4. The calculated 
permittivity and reflection coefficient are compared with the measurement data.  
In the design of microwave absorbers, there is a need to have multi-layer 
composites consisting of various volume fractions, the method to extrapolate 
and interpolate the effective permittivity and permeability is presented and 
validated. This is particularly useful when the intrinsic permittivity and 
permeability cannot be calculated or materials magnetic and physical 
properties are unavailable.  
The design of the Dallenbach and the Salisbury screens absorbers is 
discussed in the last section of this chapter. The Dallenbach screen is a short 
circuited lossy dielectric or magnetic layer, while the Salisbury screen consists 




5.2.1 Formulation of the effective permittivity of composite 
The intrinsic permittivity, ε1, of Fe or Fe3O4 is approximated by [5.1]: 




                                                                                                                 (5.1) 
where ζ = 1 × 107S/m for Fe and ζ = 25000S/m for Fe3O4,  
            ω=angular frequency, and 
             ε0 = permittivity of free space. 
The intrinsic permittivity, ε1 , and the permittivity of host matrix, εm , are then 
substituted into equation (4.9) (ε2 = ε1, a2 = a1 for no shell case) to obtain the 
effective permittivity.  
 
5.2.2 Formulation of volume fraction dependable effective permittivity of 
composite 
The effective permittivity is related to amount of particles, m, (eg. in terms of 
mass or volume fraction) in the composite and can be formulated as [5.2-5.3]: 
ln εeff  = Ae0 + Ae1m, 
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                                                                                                                 (5.2) 
tanδe = Ato + At1m, 
                                                                                                                 (5.3) 
where tanδe  is the loss tangent of the effective permittivity, m is the amount of 
particles and the rest of the parameters are obtained from fitting the 
experimental data linearly. Justification of this formula is presented in the 
following section.  
 
5.3 Results and Discussion 
5.3.1 Permittivity of Fe and Fe3O4 composites                                                        
Equations (4.9) and  (5.1) are employed to calculate the effective permittivity of 
Fe and Fe3O4. Figure 5.1 shows the permittivity of Fe composite vs frequency 
for different M (a fitting parameter in equation (4.9)). As shown in Figure 5.1, 
M=1 and M=0 appear to be a good mixture equation for such Fe composite for 
real and imaginary parts of permeability respectively. In Figure 5.2, the 
calculated power reflection coefficient is labelled “c”, and the measured value 
(using measured permeability and permittivity) is labelled “m”. As the 
agreement between “c” and “m” power reflection coefficient is better for M=0, 
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M=0 is clearly more suitable in calculating permittivity for such Fe composite. 
Similarly, Figure 5.3 shows the permittivity of Fe3O4 composite vs frequency for 
different M. However, for such composite, fitting parameter M=0 appears to be 
a good mixture equation. Similarly, the corresponding power reflection 
coefficients are plotted in Figure 5.4 and they agree quite well. With the 
capability to predict the complex permittivity and permeability (in the Chapters 3 
and 4), the electromagnetic materials for specific applications could be 





(a) : Real part of permittivity vs frequency (GHz) for Fe. 
 
 (b) : Imaginary part of permittivity vs frequency (GHz) for Fe. 
Figure 5.1(a)-(b): Real and imaginary parts of permeability vs frequency (GHz) 




(a): permittivity fitting parameter M=0 
 
(b): permittivity fitting parameter M=1 
Figure 5.2: Calculated (c) and measured (m) power reflection coefficient vs 
frequency (GHz) of Fe using the calculated and the measured permeabilities 




(a) : Real part of permittivity vs frequency (GHz) for Fe3O4. 
 
(b) : Imaginary part of permittivity vs frequency (GHz) for Fe3O4. 
Figure 5.3(a)-(b): Real and imaginary parts of permeability vs frequency (GHz) 




Figure 5.4: Calculated (c) and measured (m) power reflection coefficients vs 




5.3.2 Volume fraction dependable effective permeability and permittivity 
From our paper [5.2], microballoon paste is made of 150 g of polyurethane (45 
g of polyurethane pellets and 105 g of methyl ethyl ketone), 50 g of 
microballoons, and 150 g of methyl ethyl ketone. Carbon fiber paste is made of 
100 g of polyurethane (30 g of polyurethane pellets and 70 g of methyl ethyl 
ketone) and 0.39 g of carbon fibre of length 6.35 mm. The host material is 50 g 
of microballoon paste with 2.5 g of glass fibres of length 6.35 mm. 
at the frequency of 8.2 GHz, the natural logarithm of modulus of effective 
permittivity and its dielectric loss tangent for different amount of carbon paste, 
i.e. m=1, 3, 7, 9 and 11.25 g, are plotted in Figure 5.5 and Figure 5.6 
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respectively. In Figure 5.5 and Figure 5.6, it is observed that the data points 
can be linearly fitted by straight lines. The straight lines are obtained using 
linear regression analysis. Ae0 , Ae1 , Ato  and At1  at different frequency are 
obtained and presented in Table 5.1  [5.2]. This method can also be applied to 
the complex permeability as presented in [5.3]. 
 





Figure 5.6: Measured and linearly fitted tanδe vs m (mass of paste). 
 
Table 5.1: Various constants obtained for various frequencies. 
Frequency 
(GHz) 
𝐀𝐞𝟎 𝐀𝐞𝟏 𝐀𝐭𝐨 𝐀𝐭𝟏 
8.2 0.935 0.130 0.0843 0.0769 
8.998 0.896 0.127 0.127 0.0081 
10.006 0.818 0.128 0.142 0.0897 
10.993 0.746 0.127 0.144 0.0995 
12.4 0.668 0.125 0.139 0.115 
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Furthermore, equations (5.2) and (5.3) are applied to the effective permeability 
and permittivity measured in [5.1]. It is observed that ln εeff  , tanδe, ln μeff   and 
tanδm  can be linearly fitted as shown in Figure 5.7. 
 
Figure 5.7: Measured permeability and permittivity from [5.1] vs volume 
fraction, together with its linearly fitted lines. 
 
5.3.3 Calculation of microwave absorption property of particle 
composite 
5.3.3.1 Microwave Dallenbach absorber (dielectric) 
The design of the microwave absorber involves good prediction of the 
materials parameters with different composition of fillers. It is particularly 
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important for a broadband microwave absorber which requires multi-layers in 
which each layer consists of different composition of fillers. There are a few 
good papers ([5.1-5.3], [5.5-5.9]) that show prediction of effective material 
properties of powder incorporated into a matrix Rozanov [5.10] provides an 
insight on the minimum thickness achievable for given bandwidth and 
reflectivity. 
Figure 5.8 shows the flowchart of the design of a microwave absorber. The 
design of a single layer microwave absorber is presented in the flowchart. A 
program which calculates all the possible combination of thickness and mass 
of carbon fiber paste (based on Table 5.1) is coded. The program allows the 
output of the best minimum of the maximum of reflection coefficient in the 
frequency band. It also outputs the possible combinations of thickness and 
mass of carbon fiber paste used which meet the requirement of required 
reflection coefficient. For the single layer microwave absorber, it is found that 
9.68 g of carbon fiber paste is required for the 3 mm thick single-layer 
microwave absorber. As shown in Figure 5.9, the predicted maximum power 
reflection coefficient for a 3 mm single layer optimized composite is about 9.5 
dB, which agrees quite well with the measured data, and the measured 
minimum occurs quite close to the predicted result.  
For a 4 mm two-layer optimized carbon fiber composite, the requirements are 1 
g of carbon fiber paste for the first layer (thickness of 3.35 mm) and 11.1 g of 
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carbon fiber paste for the second layer (thickness of 0.65 mm). As shown in 
Figure 5.10, the maximum power reflection of the 4-mm two–layer optimized 
composite is about 16.3 dB, and it agrees quite well with the measured data. 
The measured minimum point occurs close to 10.1 GHz, while the predicted 
minimum point occurs close to 9.9 GHz.  
This section offers a practical approach to optimize RAM coatings consisting of 
carbon fibers on metallic surface. An optimization of carbon fiber composite for 
microwave absorber was carried out on the basis that the modulus of 
permittivity obeys a logarithmic law of mixtures and the dielectric loss tangents 
are related through a linear law of mixtures. It has been shown that the 
predicted results agree quite well with the measured data. It is possible to 
obtain thinner optimized composite by having a host material of higher complex 
permittivity. In addition to that, other microwave absorbing fillers could be 
added to further enhance the performance of the carbon fiber composite. 
Furthermore, the above design scheme can be easily extends to microwave 


















Figure 5.8: Flowchart for the design of a microwave absorber [5.2]. 
Input number of layers (L), maximum 
thickness (T), initial mass (Mi), final 
mass (Mf), number of steps for the 
mass (M), initial thickness (Ti) and read 
in Ae0, Ae1, At0, At1 for selected 





Obtain the power reflection curve,R 
RRrequired 
Rrequired=R, store TLand ML 
Output Rmax, TL, ML 












Figure 5.9: Predicted and measured power reflection coefficient, plotted 
against frequency, for the single-layer 3 mm optimized carbon fiber composite 
(m = 9.68 g) [5.2]. 
 
 
Figure 5.10: Predicted and measured power reflection coefficient, plotted 
against frequency, for the two-layer 4 mm optimized carbon fiber composite (m 




5.3.3.2 Microwave absorber consisting of multi-layer resistive sheet 














                                                                                                                 (5.4) 
where k = (1 + j)/δ, Zn = (μ/ε)
1/2 is the characteristic impedance of medium, 
δ = (2/ωζμ)1/2, ζ = conductivity of the paint and t = thickness of paint on the 
thin sheet. Equation (5.4) provides the design formula for obtaining the required 
surface impedance. The following illustrates the design of microwave absorber 
consisting of multi-layer resistive sheet.  
The design method of a microwave absorber consisting of multilayer resistive 
sheet is presented in our paper [5.12]. The design of the multilayer resistive 
sheet is often given in some tabulated forms. The electrical engineer or 
material scientist often cannot visualize how the design really works. Here, a 
good understanding of the design of the multilayer resistive sheet by using the 
Smith Chart Approach is attempted. The Smith Chart Approach offers more 
flexibility to the design of the multilayer resistive sheet, as compared to 
published formulae or tables. 
Figure 5.11 shows multilayer resistive sheet placed in front of a short circuit 
109 
 
(metal backing). The loss is incorporated in the resistive sheets which are 
spaced a quarter wavelength apart. The resistive sheets attempt to match the 
free space impedance to the short circuit. Using transmission line theory, the 
complex reflection coefficient at normal incidence of the lossy transmission 





                                                                                                                 (5.5) 
where 
Yi = Bi + Y0
Yi−1 + Y0tanh𝜃
Yi−1 + Yi−1tanh𝜃
, i = 1,2, … . , N, 
                                                                                                                 (5.6) 
Y1 = B1 + Y0coth𝜃, 
                                                                                                                 (5.7) 
Bi = 1/Ri , 










                                                                                                                 (5.9) 
Y0 is the free-space admittance, R1 is the surface resistivity of the i
th layer, 





                                                                                                               (5.10) 
where f2 and f1 are the –20 dB points for 11S .  
The design of the Salisbury screen (single layer resistive sheet) is presented 
first. In order to obtain zero reflectivity of the Salisbury screen at frequency f0 , 
the short circuit impedance (marked  in Figure 5.12) is first transformed to 
the open circuit impedance (marked  in Figure 5.12) via a spacer of a 
quarter wavelength thick. The open circuit impedance is rotated 180 to 
obtain its equivalent admittance (marked  in Figure 5.12). Then, by adding a 
parallel resistive sheet with a resistivity that is equal to free-space impedance, 
the reflectivity of the screen becomes zero (marked O in Figure 5.12).  
The simulation results here uses the step size of 1 / and 0.01 f0 . The 
frequency range is 0.3 f0 (fL) to 1.7 f0 (fH ). By using equations  (5.5) to  (5.7), 
the computed optimum bandwidth of the single-layer resistive sheet is 0.24 
when the surface resistivity, R1, is any value between 347 and 395 /.  
Figure 5.13 and Figure 5.14 present the impedance curves of a two-layer 
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resistive sheet with spacer thickness same as 0/4 and different R1 . Their 
reflection coefficient curves can be obtained simply by taking the ratio of the 
length of the impedance points from the center of the Smith Chart to the 
radius of the Smith Chart. Figure 5.13 illustrates the case of getting a single 
null in the reflection coefficient curve while Figure 5.14 illustrates the case of 
getting two nulls in the reflection coefficient curve. It is noted that the value of 
R1 has to be less than the free space impedance so that its impedance curve 
of the first layer resistive sheet is always on the left hand side of the –20 dB 
circle (the –20 dB curve is denoted by dotted line). Once B1 is chosen, B2 has 
to be a value for which B2/Y0  is smaller than 2(B1/Y0 −1), but greater than 
(B1/Y0 −1) in order to move the impedance curve towards the -20 dB circle, 
see Figure 5.13 and Figure 5.14. Thus, in the design of the N-layer resistive 
sheet, R1<R2 < ⋯ … . < RN−1 < RN  and R1 < 120𝜋 /.  
The design strategy for the two-layer resistive sheet is as follows: 
(a) For each B1 , the value of B2  is obtained for which the normalized 
admittance of  two-layer resistive sheet equals to 1.222 at frequency f0.    
(b) With each pair of B1 and B2, f2 is computed.       
f2  is found to be 1.43 f0  and therefore, ω = 0.86, which agrees very well with 
[5.13]. Figure 5.15 shows optimized pair of R1 and R2 to obtain bandwidth of 
0.86. It is noted that the optimized pair of R1  and R2  give two nulls in the 
reflection coefficient curve of the two-layer resistive sheet. 
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Figure 5.16 shows an example of obtaining three nulls on the reflection 
coefficient curve of a three-layer resistive sheet with spacer thickness same 
as 0/4. For the design of the three-layer resistive sheet, the optimum values 
of R1 , R2  and R3  to obtain two impedance points on the –20 dB curve 
(denoted by P and Q in Figure 5.16) are to be found. The design strategy for 
the three-layer resistive sheet is as follows: 
(a) The admittance before adding B3 is given by: 




                                                                                                               (5.11) 
Adding B3 only changes the conductance in Y. The conductance, g, on the –
20 dB circle for a given susceptance, x, can be obtained solving the following 
quadratic equation (obtained from  S11 






 1 − r2 g2 − 2 1 + r2 g + 1 − r2 + x2 − r2x2 = 0, 
                                                                                                               (5.12) 
where r = reflection coefficient = 0.1 in our case. B3  is obtained as the 
difference between g (the larger root in equation  (5.12)) and the real part of 
Y. 
 
(b) For a given pair of B1  and B2 , the minimum value of B3,  B3,min  (or 
surface resistivity R3,max ), in the frequency range of f0 to fH  is found. 
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(c) For each set B1, B2 and  B3,min , f2 is computed.      
f2 is found to be 1.60 f0  and therefore, ω = 1.2, which agrees very well with 
[5.13]. It is found that the smallest and largest possible values of R1 are 246 
and 330 / respectively. Figure 5.17 shows optimized pair of R2 and R3,max  
when R1  equals 330 /. It is noted that the optimized set of R1 , R2  and 










Figure 5.12: An example to obtain zero reflectivity at frequency f0  for one-
layer resistive sheet. 
 
Figure 5.13: R1= 200 Ω/ and R2= 700 Ω/ for a two-layer resistive sheet (1 






Figure 5.14: R1= 250 Ω/ and R2= 700 Ω/ for a two-layer resistive sheet (1 












Figure 5.17: Optimized R2 and R3,max  
when R1= 330 Ω/ to obtain 




5.4 Concluding Remarks 
The permittivity of Fe and Fe3O4 is calculated and compared relatively well with 
the measurement results. Both calculated permeability and permittivity are 
used to calculate the power reflection coefficient and compared quite well with 
calculated power reflection coefficient using the measured permeability and 
permittivity. The formulation of interpolating and extrapolating the permeability 
and permittivity with different volume fraction has been presented and 
validated. This is particularly useful when the intrinsic permittivity or/and 
permeability cannot be calculated. The design of the Dallenbach and the 
Salisbury screens absorbers is discussed in the last section of this chapter, and 
is validated with experimental or published data. 
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C h a p t e r  6   
CALCULATION OF PERMEABILITY OF MAGNETIC MATERIAL USING 
MODIFIED LANDAU-LIFSHITZ FERROMAGNETIC RESONANCE MODEL 
6.1 Introduction  
The magnetic film RF-behaviour in the form of the frequency-dependent 
permeability due to spin rotation and eddy current screening has been 
explained by Seemann et al. [6.1], in which Landau-Lifshitz-Gilbert (LL-G) and 
Maxwell equations are employed. In another work, Iakubov et al. used the 
Laudau-Lifshitz ferromagnetic resonance (FMR) model to model the complex 
permeability of magnetic thin film [6.2]. The formulation in [6.2] does not include 
the dynamic skin depth effect on the magnetic thin film.  
 
In this work, we have used the LL FMR model with skin effect to model the 
complex permeability of magnetic thin film with dynamic skin depth effect. 
Moreover, we have formulated an algorithm to extract the effective materials 
parameters of thin film with in-plane uniaxial magnetic anisotropy. In this 
chapter, the algorithm using the measured permeability to obtain saturation 
magnetization (Ms), anisotropic field (Ha) and damping coefficient (α) of such 
films (Si/NiFe/FeCoB, CoZrRe, etc), at high frequency is presented. 
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Furthermore, it has been found that the LL FMR model can be used to 
compute the intrinsic permeability of a magnetic particle with different 
alignments of its magnetic domains. It is noted that different alignments of 
magnetic domain will give permeability curves with different resonant 
frequencies. Thus, the isotropic intrinsic permeability is obtained from the 
integration of LL FMR model with respect to its resonant frequency. The 
computed results compared relatively well with our previous method which 
computes the isotropic permeability by taking the average of the permeability of 
a large number of randomly oriented magnetic domains, with respect to the 
incident wave, using the LL-G model. For carbonyl bcc-Fe and Fe3O4, the 
calculated permeability agrees relatively well with the measurement results. 
 
6.2 Theory 
6.2.1 Calculation of Permeability of Magnetic Thin Film  
The derivation of effective permeability of thin film using the combination 
Landau-Lifshitz equation and eddy current damping is similar to that in 
Chapters 2 and 3. The LL-G equation is given as: 
 
∂M    
∂t
= −γM    × H   eff +
α
Ms
M    ×
∂M    
∂t
, 
                                                                                                                 (6.1) 
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where M     is the magnetization vector, H   eff  is the total effective field vector, α is 
the damping coefficient, Ms is the saturation magnetization and γ = 2.2 × 10
5 
m/As for Fe. 
Some simplifying assumptions were made to solving equation (6.1) ([6.1], [6.3-
6.5]): 
→The film possesses an in-plane uniaxial anisotropy.  
→The initial magnetization is uniform.  
→The film thickness is small compared to its lateral dimensions, where the 
demagnetizing factor Nz perpendicular to the film plane is assumed to be 1. In 
the film plane Nx = Ny  are consequently set equal to 0. 
→For a film with uniform in-plane magnetization and a film thickness small 
compared to its lateral dimensions, the static demagnetizing field tends to zero. 
Only the dynamic demagnetizing field hd  exists.  
From figure 6.1, H   eff  and M     are obtained as: 
















  ,and 















Substituting the above H   eff  and M     into equation (6.1) gives the susceptibility 
χ
xx
 ω = γMs
γ Ms + Hk + αiω
 γHk + αiω  γ Ms + Hk + αiω −ω2
, 
                                                                                                                 (6.2) 
where ω = 2πf. 
With the consideration of the effect of film thickness (schematic diagram is 














































                                                                                                                 (6.4) 


















Figure 6.1: Schematic diagram of a magnetic film serving as a basis for eddy 
current  calculation with d=thickness «Lx, d«Ly, Hk and Ms in y-direction, and h0 
and mx are the incident magnetic field and small magnetisation disturbance in 
x-direction respectively. 
 
The measured complex susceptibility of thin ferromagnetic film with in-plane 




 f = 1 + μ
s
/[1 + if/fa −  f/fr 
2], 






, fa = γ
Hk
α
, fr = γ MsHk .  Equation (6.5) is modified in our work to 



































In this work, we have used the LL FMR model with skin effect to calculate the 
complex permeability of magnetic thin film. In addition, we have implemented 
the algorithm which starts with fitting the measured permeability with LL FMR 
model without skin depth effect. It is observed from equation (6.5) that  1 + μ
s
 
is the static permeability, fr  is the frequency at which the imaginary 
permeability shows a maximum and fa  is varied to get the fitted curves to 
match the measured curves as close as possible.  Ms,eff  and  Hk,eff  are thus 
determined from curve fitting. Usually, the thickness d  and resistivity ρ  are 
measured. The effective parameter, αeff , is determined from fa  by fitting the 
calculated permeability curves from equation (6.6) to measured curves. The 
parameter fa  obtained by fitting the curves to the measured permeability, is a 
different value used in equations (6.5) and (6.6). Our experiences show that a 
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good fit using equation (6.5) will produce a good fit using equation (6.6) and 
vice versa.  
 
6.2.2 Calculation of Permeability of Particle Composite Material 
(isotropic magnetic material) 
In this work, I attempt to model the permeability of composite material using the 




 f = 1 +
μ
s
1 + if/fa −  f/fr 
2
, 
                                                                                                                 (6.7) 
where  μ
s
= Ms /Hk , fa = γHk/α, γ =gyromagnetic ratio and α = damping factor. 
In equation (6.7), μ
s
 and fa  are fixed but fr  is a variable for different spatial 
orientation of magnetic domain with an orientation of  and . For  = 0°, fr   
can be calculated based on fr = γ MsHk . In this work, our domains have a 
random distribution of  from 0 to 90 degree. We obtain fr from fitting the curves 
from equation (6.7) to the curves from the LL-G equation (2.12). During the 
fitting, we pay a particular attention to match the resonant frequency.  
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Hence, for an isotropic magnetic particle (random orientation of domains), the 
complex permeability is obtained as integration between fr,min (corresponding to 
fr at  = 0 degree) and fr,max (corresponding to fr at  = 90 degree) divided by 





(fr ,max −fr ,min )














dx = 1 +
F fr ,max  −F fr ,min  
(fr ,max −fr ,min )
,  
                                                                                                                 (6.8) 
where  









 fa +if  x
 fa  f
 
 fa +if 
3
2
 .                                                            (9) 
 
6.3 Results and Discussion 
6.3.1 Magnetic Thin Film  
6.3.1.1 Comparison with results obtained using LL-G 
In this work, the magnetic permeability is calculated from the above modified 
LL FMR model (with skin depth effect) and compared with the calculation from 
the LL-G model. In addition, an algorithm to extract magnetic parameters 
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(saturation magnetization Ms and magnetic anisotropy Hk) and effective 
damping factor for two different magnetic films is also presented.  
For comparison, the same parameters for the FeTaN thin films as reported by 
Seemann et al. [6.1] are used. Ms ,  Hk , α, ρ and d used in the computations are 
1.2 T, 1.13 mT, 0.06, 2.7 μΩm and 1500 nm respectively. Figure 6.2 illustrates 
the comparison obtained using equations (6.3) and (6.6). As shown in Figure 
6.2, the permeability calculated form the two models are nearly identical. The 
result shows that our modified LL FMR model can be applied to calculate 
permeabilities of thin films. 
 
6.3.1.2 Extraction of magnetic parameters from measured permeability 
The following shows two examples of the variation of complex permeability with 
frequency, commonly observed in soft magnetic thin films. The algorithm 
described in the last section is employed to extract Ms,eff , Hk,eff  and αeff . The 
LL-G model is used to check the effective magnetic parameters and damping 
factor obtained at different stages of the algorithm. Figure 6.3(a) and (b) show 
the first example of using the algorithm to obtain the magnetic parameters of 
Si/NiFe/FeCoB. μ
s
= 78 , fr = 6.4 GHz  and fa = 33 GHz  are used in equation 
(6.5), the LL FMR model without skin effect, to simulate the curves shown in 
Figure 6.3(a) (Ms,eff ,  Hk,eff  and αeff  obtained are 20.3 kG, 260 Oe and 0.022 
respectively). The LL-G results calculated with these magnetic parameters and 
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the measured ρ = 0.347 μΩm and t = 200 nm, are plotted for comparison. As 
shown, the LL-G results do not agree well with the experimental data, 
indicating the skin depth effect is significant. The reason is that the sample has 
a low electrical resistivity (0.347 μΩm ).  At this stage, the damping factor 
obtained is wrong for this case. Subsequently,  μ
s
= 78,  fr = 6.4 GHz , fa =
40 GHz (fitted parameter) and the measured ρ = 0.347 μΩm  and t = 200 nm 
are used in equation (6.6), the LL FMR model with skin depth effect, to 
simulate the curves shown in Figure 6.3(b). Consequently, Ms,eff,  H𝑘 ,eff and αeff 
obtained are 20.3 kG, 260 Oe and 0.018 respectively. Similarly, the LL-G 
results are calculated and the results match well with the ones calculated using 
the LL FMR model with skin depth effect, and agree well with the experimental 
data. Ms,eff  and  Ha,eff  agree well with the ones published in [6.6]. 
Figure 6.4 shows the second example of using the algorithm to obtain the 
magnetic parameters of CoZrRe. μ
s
= 1875, fr = 970 MHz and fa = 470 MHz 
are used in equation (6.5) to simulate the curves shown in Figure 6.4(a) (Ms,eff,  
H𝑘 ,eff and αeff obtained are 1200 kA/m, 640 A/m and 0.05 respectively). The LL-
G results calculated with these magnetic parameters and the measured 
ρ = 80 μΩm and d = 630 nm  are plotted for comparison. As shown, the two 
models give nearly the same fitting curves and agree well with the 
experimental data.  The reason is that the electrical resistivity of the sample is 
much higher (80 μΩm). For this case, the damping factor obtained at this stage 
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is the correct one. The parameters of μ
s
= 1875, fr = 970 MHz, fa = 448 MHz 
(fitted parameter) and the measured ρ = 80 μΩm and d = 630 nm are used In 
the LL FMR model with skin depth effect (equation (6.6)) to simulate the curves 
shown in Figure 6.4(b). The Ms,eff ,  H𝑘 ,eff and αeff obtained are 1200 kA/m, 640 
A/m and 0.05 respectively. Thus, the LL-G results are the same as those 
shown in the Figure 6.4(a). The two models give nearly the same fitting curves, 
and agree well with the experimental data. Ms,eff ,  H𝑘 ,eff and αeff agree with the 
ones given in [6.7], in which the measured and effective anisotropy field are 
400 A/m and 640 A/m respectively, for uniaxial CoZrRe. 
 
 
Figure 6.2: Comparison of complex permeability computed using equations 









Figure 6.3: Computed results using (a) equation (6.5) and (b) equation (6.6) vs 









Figure 6.4: Computed results using (a) equation (6.5) and (b) equation (6.6) vs 





6.3.2 Magnetic Particle Composite  
6.3.2.1 Calculations for arbitrary alignment of single magnetic domain 
(bcc-Fe) with respect to incident wave 
 
The magnetic permeability is calculated using the LL-G model for bcc-Fe with 
4πMs =21500 G, Hk = 584 Oe and damping coefficient,  = 0.1 (interaction 
faction, β=-0.02). The solid lines in Figure 6.5(a) and 6.5(b) present the real 
part and imaginary part of permeability of a single domain with alignments of  
= 0, 30, 60 or 90 degree from the LL-G model (equation 2.12). It can be seen 
that the intensity decreases and the resonance peak shifts to higher frequency, 
as alignment angle increases from 0 to 90 degree. 
In figures 6.5(a) and 6.5(b), the corresponding curves are plotted with the 
permeability calculated from the LL-FMR model (equation (6.7)). These curves 
are fitted to match the permeability calculated with the LL-G model (solid lines). 
The fitted curves agree relatively well with the LL-G model.  This shows that we 
can use the LL-FMR model in the calculation of magnetic domains with 
different orientations. 
 
6.3.2.2 Calculations of the average permeability of an isotropic magnetic 




The permeability of an isotropic bcc-Fe particle without the consideration of 
skin effect is first calculated. The solid lines in Figure 6.6(a) and 6.6(b) show 
the permeability from the LL-G model using the equation (2.13).  
Equation (6.8) is used for the calculation of the isotropic permeability from the 
LL-FMR model. The fr,min and fr,max are 1.75 and 10.5 GHz respectively, which 
are also the resonance frequencies obtained from figure 6.5(b), for  = 0 and  
= 90 degrees. 
As shown in figures 6.6(a) and 6.6(b), the curves of the permeability form the 
LL-FMR model have the similar shapes of those calculated from the LL-G 
model. There are two peaks (one maximum and one minimum) in the real part 
for the both curves for the LL-G and LL-FMR models. For the imaginary part, 
the curve obtained from the LL-G model shows two peaks. The curve derived 
from the LL-FMR model has a similar trend, but only one broad peak with a 
shoulder appears. 
 
6.3.2.3 Calculations of effective permeability and absorption property of 
bcc-Fe particles embedded in an insulating matrix with skin effect 
 
The analytical-form isotropic permeability with skin effect is computed for 
powdered materials. The calculated results are compared with experimental 
results for two commercial powders - carbonyl iron and magnetite. 
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The carbonyl iron (HQ) has an average size, d, of 1 µm and electric resistivity 
of ρ= 0.1 µΩm, saturation magnetization 4πMs =21500 G, and anisotropy field 
Hk = 584 Oe. 23 vol% of carbonyl Fe particles are mixed with epoxy resin and 
the sample is characterized using the coaxial air-line method [3.6]. The 
measured permeabilities are plotted in figures 6.7(a) and 6.7(b). 
Using the calculated average permeability from equation (2.13) (LL-G model), 
the effective permeability of the 23 vol% of Fe/epoxy resin composite is 
calculated using equation (3.1). The calculated permeabilities derived from the 
LL-G model are plotted in Figure 6.7(a) and figure 6.7(b). Similarly, the 
permeabilities from the LL-FMR model using equation (6.8) are calculated. 
Comparing the measured and calculated results shows that the both the LL-G 
model and the LL-FMR models are able to model the permeability, which 
agrees with the measurements well.  
Figure 6.8 shows the calculated power reflection coefficient (labelled as “c”), 
and the measured value using measured permeability and permittivity (labelled 





6.3.2.4 Calculation of effective permeability and absorption property of 
Fe3O4 particles composite 
As another example, the results for Fe3O4 particles are presented. The 
permeability is measured using the sample of 17 vol% Fe3O4 particles, 
embedded in epoxy resin. 
Here, the permeability, using the parameters of Fe3O4 magnetite (4πMs =5700 
G, HK = 595 Oe, ρ = 40 µΩm, α=0.8 and β=-0.001), is calculated.  For the 
calculated permeability, the average particle size of 0.25 µm is used. The 
calculation process is similar to the one described for bcc-Fe. As shown in 
Figure 6.9, the calculated results from our new model agree quite well with 
measurements.  
Figure 6.10 shows the calculated power reflection coefficient (labelled as “c”), 
and the measured value using measured permeability and permittivity (labelled 







  (b) 
Figure 6.5:  (a) Real part of permeability, (b) Imaginary part of permeability vs 








Figure 6.6: (a) Real part of permeability, (b) Imaginary part of permeability vs 







Figure 6.7: (a) Real part of permeability, (b) Imaginary part of permeability vs 




Figure 6.8: Calculated (c) and measured (m) power reflection coefficient vs 
frequency (GHz) for carbonyl Fe (23 vol%) composite using the calculated and 








Figure 6.9: (a) Real part of permeability, (b) Imaginary part of permeability vs 




Figure 6.10: Calculated (c) and measured (m) power reflection coefficient vs 
frequency (GHz) for magnetite (17 vol%) composite using the calculated and 
the measured permeabilities and permittivities respectively. 
 
 
6.4 Concluding Remarks 
An algorithm using the LL FMR model with and without skin depth effect, to 
extract the effective magnetic parameters of thin film with in-plane uniaxial 
magnetic anisotropy, has been established. The LL FMR model with skin effect 
has been verified with published theoretical results [6.1] and the algorithm has 
been used to extract the effective Ms, Hk and α of Si/NiFe/FeCoB and CoZrRe 
[6.6]-[6.7]. The skin depth effect is found to be important samples with low 
electrical resistivity, but it is not significant if electrical resistivity is high. The 
high permeability arising from the anisotropic property of magnetic thin film, is 
potentially useful for microwave absorbers. 
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A multi-domain structure with a random distribution of the orientations of 
magnetic domains has been considered (for isotropic cases). From the 
calculated permeability of a magnetic domain with an orientation of  to the 
incident microwave, using the Landau-Lifshitz-Gilbert (LL-G) model, the 
resonance frequency required in LL FMR model is obtained. Upper and lower 
limits of the resonance frequency are required in the LL FMR model. The 
integration over the whole range of resonance frequency gives the average 
(isotropic) permeability of a magnetic particle. Using the extended effective 
medium theory, the effective permeability is obtained. Comparison between the 
calculated results from the LL-G and the LL-FMR models has shown that the 
LL-FMR model can be also used for powered magnetic materials. The 
permeabilities of two magnetic materials (bcc-Fe and Fe3O4) have been 
calculated. The calculated permeability and power reflection coefficient agree 
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C h a p t e r  7   
CONCLUSIONS 
I have shown how magnetic anisotropy, saturation magnetization and spatial 
orientation (  ) affect the microwave magnetic permeability. The magnetic 
permeability for different metallic magnetic metals (Fe, Ni and Co), assuming 
zero magnetic interactions, is calculated first. The selection of the metallic 
magnetic materials covers a wide range of saturation magnetization and 
magneto-crystalline anisotropy. The result shows that the peak i occurs at a 
higher frequency but has a lower value and broader peak I, for higher   (  is 
the angle between the incident magnetic field and the magnetization vector). 
When the isotropic permeability,  𝜇𝑖 , is calculated for the materials, two peaks 
in imaginary part of  𝜇𝑖  are observed. The second peak is due to the 
contributions from   of higher values. Of the metals Fe, Ni and Cu, Ni and Co 
are shown to have peak  𝜇𝑖  in lowest and highest frequency respectively. The 
investigation has provided an insight in selecting the correct magnetic material 
and   for practical application in the desired frequency range. Because our 
focus is in the choosing of good fillers for the design of microwave absorber in 




Thereafter, the LL-G model presented is used to predict complex permeability 
of Fe and Fe3O4 particles composites. The average diameters of Fe and Fe3O4 
particle are 1 and 0.25 μm respectively, while their conductivities used in the 
simulation are 107 and 25000 S/m. As shown in the simulations, the damping 
factors of 0.1 and 1.1 produce reasonably good matches with the 
measurement data. Finally, our simulation results suggest that the interaction 
factor is -0.002 and -0.01 respectively for the composites of Fe and Fe3O4. The 
simulation parameters are tabulated below: 










Fe 1 107 0.1 -0.002 
Fe3O4 0.25 25000 1.1 -0.01 
 
The simulation models for the two-phase and core-shell particle composites 
are proposed in this thesis. As shown in our simulations for the two-phase and 
core-shell particle composites, the permeability curves obtained are bounded 
by the permeability curves of the Fe and Fe3O4 composites. The new 
permeability curves make it possible to design composites with the specific 
requirements. Moreover, the two-phase and core-shell particle composites 
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could increase the percolation threshold by breaking the conducting chains in 
the composites with particles of low conductivity. In addition, the core-shell 
particle composite offers a way to create relatively high permeability with Fe, 
and yet achieve chemical stability. The calculated permeability of the two-
phase particle composite agrees quite well with the measured data.   
A model to calculate the permittivity of composites comprising Fe or Fe3O4 is 
presented, and the calculated results compare relatively well with the 
measurement results. Both calculated permeabilities and permittivities are 
used to calculate the reflection coefficients which compare well with coefficients 
calculated using the measured permeabilities and permittivities. The method of 
extrapolating the permeability and permittivity with different volume fraction is 
presented and validated. Furthermore, the design of the Dallenbach and 
Salisbury absorbers are discussed and validated with experimental and 
published data. 
The proposed LL FMR with skin effect has been verified with other theoretical 
results, and the algorithm has been used to extract the effective  𝑀𝑠, 𝐻𝑘  and 𝛼 
of Si/NiFe/FeCoB and CoZrRe. It shows that the skin effect must be 
considered in the LL FMR model, for samples with low electrical resistivities. It 
is not necessary if the electrical resistivity is high. The high permeability arising 
from the anisotropic magnetic property of magnetic thin film offers the potential 
of making of microwave absorbers. Lastly, we have considered a multi-domain 
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structure with a random distribution of the orientations of the magnetic 
domains. The LL-G model is used to calculate the permeability of a magnetic 
domain, oriented at angle  to the incident microwave. The resonance 
frequency for the LL-FMR model is then obtained, after fitting its permeability 
curve to that of the LL-G. Integration over the whole range of resonance 
frequency gives the isotropic complex permeability of a magnetic particle. 
Using the extended effective medium theory, the effective complex 
permeability is obtained. The comparison between the calculated results from 
the LL-G model and LL-FMR model, shows that the LL-FMR model can be also 
used to calculate the permeability for magnetic particles composites. In this 
thesis, calculation of the permeabilities of two magnetic materials (bcc-Fe and 
Fe3O4) using the LL-FMR model has been presented. The calculated 
permeability agrees well with the experimental results. Thus, it is demonstrated 
that the microwave permeability of magnetic thin films and particle composites 
can be calculated using the modified LL-FMR model. 
 
